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Blue lasers continue to set 
the pace in optoelectronics 
Roy Szweda, Associate Editor 
I Recent indicators as to the status the III-nitrides and related compound semiconductors - -  not the least being our 
own GaN market report - -  reaffirm the signs of continuing innovation and development in new devices and thus 
new markets. To this must be added the evolution of existing ones such as the blue LED. However, the blue laser 
diode constitutes the leading edge of advanced optoelectronics research and no better is this exemplified than by 
Nichia labs. Collectively, this R&D thrust is serving to bring closer the second renaissance in a very important 
sector of our industry. 
I 
n the second edition of the 
related Elsevier publication, 
Compound Semiconductor 
Industry Directory (CSID) I provide 
an overview of market and technical 
trends for advanced semiconductors, 
i.e. silicon, III-Vs and II-VIs, etc. 
The article draws upon the new 
Gallium Nitride and Related Wide 
Bandgap Materials report as well as 
covering the broader optoelectron- 
ics sectors. In terms of relative size, 
the optoelectronics market sector is 
still the largest for III-Vs. It was worth 
over a billion dollars in 1996 and 
experts estimate that it will reach 
$3.5 billion by 2001. Whilst the 
market for silicon electronic devices 
continues to exhibit the effects of 
the dramatic downturn it experi- 
enced last year, the compound semi- 
conductor devices industry sectors 
- -  although smaller in scale - -  seem 
to be much more robust. 
Sapphire or SiC? 
Previously, the world was getting 
used to the  reign of GaN-on- 
sapphire for blue optoelectronics. 
But then Cree, the North American 
company which revitalized the blue 
LED market a few years ago, upset 
the status quo with an announce- 
ment of its successful demonstration 
of laser emission from a structure 
based on SiC rather than sapphire - -  
see News Update section this issue. 
In June, Cree demonstrated an 
electrically pulsed GaN-based blue 
laser using Cree's SiC substrates 
combined with a proprietary GaN 
thin film process. Cree's co-founder 
who is in charge of the program, Dr 
John Edmond says, "We are elated 
about demonstrating electrically 
pulsed laser operation at room 
temperature. Preliminary measure- 
ments indicate a device lifetime of 
greater than a few minutes. This is 
a milestone toward achieving a 
commercially viable laser, but we 
still have a lot of development work 
ahead of us - -  similar to the devel- 
opment  cycle we wen.t through for 
our blue LED". 
To date LEDs, lasers and elec- 
tronic devices have been fabricated 
either on SiC or sapphire rather 
than on GaN substrates. It is gener- 
ally agreed that the markets for GaN 
substrates look inviting but are 
unlikely before 2000: this is for two 
reasons, firs@ because the bulk of 
devices shipped rely on either 
sapphire or SiC substrates and 
second because the technology, let 
alone the commercial set-up, is so 
immature. 
The sapphire substrate industry is 
well established and has enjoyed 
unspectacular though steady business 
for several decades. The debut of the 
GaN-on-sapphire LED business has 
undoubtedly boosted the sapphire 
business and there is no shortage of 
substrates nor is it anticipated that 
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Figure 1. Absorption and PL spectra of a perylene-based dye (BASK Lumogen 1:083) dissolved 
in epoxy resin, contrasted to the emission spectrum of the dye exciting blue Cree Research 
LED. (Courtesy of Fraunhofer IAF). 
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there will be one. Union Carbide for 
one says that it will match the expan- 
sion of this market; it can meet tech- 
nical and pricing changes and help 
the market grow. 
The price of sapphire will by 
necessity come down to enable GaN 
LEDs to move closer to the price of 
the longer wavelength devices. 
Unlike silicon substrates where there 
is a determined effort to run thou- 
sands o f  300 mm through pilot 
production for DRAMs, etc., there 
is as yet no demand for larger 
sapphire substrates and users are 
content with 2-in. 
SiC is still looking more expen- 
sive than sapphire ven though it has 
certain technical advantages such as 
its conductivity. The advent of the 
Cree GaN-on-SiC laser may in due 
course highlight he possible adverse 
effects of imperfections arising from 
use of sapphire over SiC but this has 
yet to be clarified. 
Cree Research has recently 
announced a clear signal that SiC- 
based short wavelength optoelec- 
tronics has not yet seen its greatest 
success. The New Jersey-based company 
has succeeded in fabricating a blue 
laser by the epitaxial growth of a 
GaN epilayer on a SiC substrate. 
'GNOS' debuts 
Meanwhile, as we report earlier in 
this issue, another US SiC wafer 
supplier, ATMI, has demonstrated 
further broadening of its portfolio 
with the announcement of what we 
have coined 'GNOS', i.e. gallium 
nitride on sapphire. 
This is a very important develop- 
ment as it is the first of its kind; GaN- 
on-SiC is available from Cree but 
ATMI looks to be the first to tap the 
merchant supply of GNOS. This 
company is particularly well config- 
ured to do this with its Epitronics 
subsidiary's considerable expertise in 
the merchant III-V epiwafer market- 
place. 
This should be an attractive 
'enabling' product to help others 
expedite their attempts to research 
and (later) to mass produce blue 
opto devices. At present here is no 
commercial equivalent source of 
supply for the GNOS-type substrates. 
However, most importantly it obviates 
any conflict with existing technology 
which has already been thoroughly 
protected by patents. It will be avail- 
able to selected 'beta site' customers 
first of all and should then be freely 
available within a year. 
The ATMI development has two 
key ramifications for the further 
development of the blue opto indus- 
try. Firstly, like the Cree GaN-on-SiC 
announcement for lasers, it shows 
that the technology is perhaps a little 
more robust than was previously 
thought. 
In other words, there is at least 
one other commercially-based 
method whereby these devices can be 
made using GaN on sapphire, i.e. 
HVPE can now be added to the list 
of one that was MOVPE. In addition, 
"The price of sapphire 
will by necessity come 
down to enable GaN 
LEDs to move closer to 
the price of the longer 
wavelength devices" 
it could mean that we have a means 
of growing the market in 
the fullest commercial sense. 
As I observed in one of my recent 
editorials [1], I was concerned that 
without access to Nichia-type materi- 
als technology the greater expansion 
of the market may be held up. AS we 
hear first-hand from ATMI, the 
HVPE process is scalable and should 
be a bonanza for the company. 
Initial samples will be expensive and 
the company will soon be under 
pressure to reduce prices to enable 
the blue LEDs to become competi- 
tively in this very price-sensitive 
marketplace. 
LUCOLEDs 
European success 
In Europe, Siemens has licensed the 
LUCOLED technology from the 
distinguished Fraunhofer Institute. 
We reported this earlier [2] and now 
the Fraunhofer Institute's Annual 
Report describes the LUCOLED 
technology. 
Earlier we had spoken to Roland 
Diehl who told III-Vs Review that 
there were great market expecta- 
tions for this as a solid state white 
lamp replacement, e.g. in aerospace 
and automotive applications. 
Siemens has licensed the LUCOLED 
technology and the first commercial 
LUCOLEDs will be produced next 
year. 
The Fraunhofer staff responsible 
for the novel LED development are 
Prof. Juergen Schneider (who 
recently retired), Dr Peter Schlotter 
and Ralf Schmidt. 
The name LUCOLED, which 
means LUminous COnversion LED, 
has been coined for the device. As 
shown in Figure 1 it consists of a blue 
LED from. Cree (GaN/SiC) mounted 
on a reflector cup and embedded in 
resin using standard LED manufac- 
turing technology. In this case the 
LED is semiconducting and so only 
one bond wire is needed. Inciden- 
tally, the Fraunhofer group has also 
successfully demonstrated electrolu- 
minescence (EL) from GaN at 
408 nm. 
Luminescent organic dyes are 
embedded in an epoxy resin so that 
the luminescent species is incorpo- 
rated in a molecular form. The 
device relies on a spectral shift to 
longer wavelength, i.e. a Stokes-shift. 
Figure 2 shows an example of an 
absorption and emission spectrum of 
a commercial green-emitting pery- 
lene-based ye embedded in epoxy 
resin. This also shows the EL spec- 
trum of a Cree LED which is used as 
a pump for the Fraunhofer 
LUCOLED. 
The strong spectral overlap of the 
blue LED emission with the absorp- 
tion spectrum of the dye enables the 
fabrication of green emitting 
LUCOLED. However, one can also 
use phosphors but these materials 
will not dissolve in the resins used in 
LED manufacture. 
Fraunhofer workers liken the 
situation to a solid state equivalent of 
the fluorescent tube. Here a 254 nm 
line of mercury is used to excite visi- 
ble luminescence in inorganic phos- 
phor powders deposited on the 
inner surface of the glass tube. 
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The LUCOLED luminescent 
converting material - -  either organic 
or inorganic - -  is mixed in microgram 
quantities to the epoxy resin imme- 
diately on top of the semiconductor 
chip. Alternatively, the entire plastic 
dome can be filled with more highly 
diluted dyes or phosphors. This 
inevitably results in a more diffuse 
emission from the LUCOLED. 
The Fraunhofer Institute has 
fabricated a range of emitting 
devices including white whereby a 
green- and red-emitting dye are 
used. Incomplete absorption of 
primary light by the luminescence 
converter permits mixed bluish- 
green colours by additive mixing. 
Most notably, additive colour 
mixing of primary LED-blue with 
secondary photoluminescent (PL) 
red results in magenta, a colour not 
accessible by a single conventional pn 
junction LED. 
LUCOLED rainbows 
Using the phosphors the Fraunhofer 
has realized white LUCOLEDs using 
a YAG:Ce phosphor. This phosphor 
is ideal because it emits yellow light 
under a blue excitation. Since blue 
and yellow are complementary 
colours only one converter species is 
needed. Figure 3 shows such a white 
LED. 
The emission mechanisms 
whereby light conversion via additive 
mixing through the phosphor has 
been known for many years. The 
Fraunhofer Annual Report summa- 
rizes present knowledge of this 
important subject and points to the 
published work by the group. 
A wide range of other colours can 
be realized but the white LED is 
deemed one of the most important. 
It has many outstanding characteris- 
tics which are very attractive to many 
applications where the shortcomings 
of conventional amps make for 
adverse economics and/or  perfor- 
mance. 
Other colours can be achieved 
through replacing the yttrium ions 
in the YAG:Ce with rare earth ions 
with larger, e.g. Gd ~+ (red-shift), or 
smaller, e.g. Lu 3+ (blue-shift), ionic 
radius. Amongst other methods, 
gallium can be substituted for 
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Figure 2. Schematic structure of a GaN-based luminescence conversion LED, Le. LUCOLED. 
(Courtesy of Fraunhofer IAF). 
aluminium in the YAG which causes 
a red-shift of the yellow emission. In 
fact, infra-red (IR)-emitting 
LUCOLEDs can be made co-doping 
the YAG:Ce with IR-active rare earth 
ions such as Nd 3+ and Er 3+. 
Conventional LEDs can only 
achieve a quasi-monochromatic rain- 
bow of colours. This would require 
three different (blue, green, red) 
LEDs which also have the practical 
drawback of needing different volt- 
ages. The LUCOLED makes possible 
a much more ergonomic and eye- 
pleasing rainbow display. Moreover, 
the LUCOLED has a long lifetime 
(>100 000 hours) and is compact 
with low power requirements. For 
many applications, e.g. military cock- 
pit displays where IR goggles are 
used, its negligible IR emission will 
also be advantageous. 
As the Fraunhofer Annual Report 
cogently puts it: "it is 120 years since 
Edison's incandescent light bulb." 
That banishe:: of the Dark Ages now 
has its first serious contender. In the 
hands of Siemens, one of the world's 
leading optoelectronics component 
companies, its future is assured. 
CW lasers on display 
Another company which is already in 
the white lamp replacement business 
is Nichia Chemical Industries based 
in Tokushima, Japan. This long 
established chemicals company is 
world renowned for its phosphor 
products and so it was inevitable that 
its new blue LEDs would soon 
feature in its product catalogue at 
the heart of white lamps. 
Dr Shuji Nakamura, the project 
leader of the Nichia III-nitride devel- 
opment program, was the originator 
of the GaN-based LEDs but is now 
principally concerned with the devel- 
opment of the short wavelength 
continuous wave (CW) laser diode. 
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Figure 3. White emitting YAG:Ce LUCOLED. 
Many labs around the world are 
very actively seeking to be first to 
produce a commercially viable blue 
laser diode. This area of activity 
constitutes the leading edge of 
advanced optoelectronics research 
and no better is this exemplified 
than by the Nichia labs. 
Asked about the Cree GaN-on- 
SiC blue laser diode announcement 
he commented that "The initial 
results of the Cree's pulsed laser 
diode is almost the same as our 
initial pulsed device which was 
reported at the end of 1995 using 
sapphire substrate. It took about one 
year for us to achieve first CW opera- 
tion from initial pulsed operation. 
Therefore, it is my expectation that 
Cree Research also will need one 
year to achieve CW operation from 
pulsed operation". 
This year is seeing no let-up in 
the demand for further expositions 
(Courtesy of Fraunhofer IAF). 
on the state of development of the 
Nichia blue laser diode. Dr Naka- 
mura recendy gave papers at the 
LDSD II conference in Lisbon, 
Portugal, and at also at the EMC 
meeting held on 25-27 June in 
Colorado. He also presented a paper 
at the European MRS conference 
GaN workshop (Symposium L, 
Session X lV -  LEDs and LDs with 
InGaN, No. L-XIV.1, invited, Stras- 
bourg, France, 16--20 June 1997). 
With quite a few upcoming wide 
bandgap materials and devices meet- 
ings in prospect this autumn, Dr 
Nakamura's talks are always a high- 
light of any meeting. We expect, to 
see Nichia's labs work continue to 
spur others' efforts in stretching the 
boundaries as to what is possible in 
short wavelength optoelectronics. 
The EMRS paper was entided 
"RT CW operation of InGaN multi- 
quantum-well structure laser diodes" 
and over viewed Nichia's progress in 
CW blue laser diodes so far. Figure 4 
shows a recent photograph of the 
'laser diodes taken under room 
temperature CW operation. The 
threshold current is 25 mA and 
threshold voltage is 5.8 V giving an 
output of 30 mW. The lasers' emis- 
sion was fundamental single mode 
with a peak wavelength of around 
400 nm. 
At present, the multi-quantum- 
well (MQW) lasers have been 
successfully operated in CW mode 
for 35 hours. This has been made 
possible by realization of high quality 
epilayers of AIGaN and InGaN and 
p-type A1GaN. Dr Nakamura 
proposes that recombination of 
localized excitons is responsible for 
the emission mechanism. Radiative 
recombination of spontaneous and 
stimulated emission of these devices 
is derived from carriers localized at 
deep traps originating from the In- 
rich region of the InGaN QW. 
In comparison with earlier esults 
published by other groups, the III- 
nitride blue laser diodes have been 
shown to operate at a higher temper- 
ature: 80°C and 100°C, respectively. 
However, lifetime tests have shown 
that while the III-nitride laser operat- 
ing current fncreases only gradually 
it increases sharply beyond 7 hours. 
Other workers have fabricated 
devices which have lasted as long as 
27-35 hours. Dr Nakamura attrib- 
utes this as probably being due to the 
higher operating voltage of the 
Nichia lasers plus their high current 
density from a cavity length of only 
150 lam. 
The control of growth o f  InGaN 
epilayers and ensuring that the layers 
remain homogeneous are being 
further refined. For example, the 
energy difference between the 
absorption and the emission gets 
larger as In composition increases. 
The emission comes from the local- 
ized states formed in the In-rich 
region in the InGaN well layer and is 
dependent on In-composition fluctu- 
ation. 
Phase separation of InGaN 
during growth causes inhomo- 
geneities in the InGaN active layers. 
This is believed to be the underlying 
reason for the relatively small inter- 
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nal quantum efficiency (76%). Also, 
Dr Nakamura observes values of 
differential gain which are relatively 
small in comparison with those of 
conventional AlGaAs and AlGaInP 
MQW lasers and again this is likely to 
be caused by inhomogeneities in the 
InGaN active layers. 
It is clear from the ongoing char- 
acterization of these lasers that 
further optimization of the growth 
and fabrication processes i going to 
be needed before the world sees the 
first commercial III-nitride blue laser 
diode. Nevertheless, the progress 
made to date is impressively rapid 
and the day will surely soon come 
when this objective has been 
achieved. 
Wither the markets? 
The market for GaN-based LEDs is 
evaluated and forecast in my recent 
report entitled GaN and Related 
Wide Bandgap Materials 1996-2001. 
This report estimates that this 
market was worth some $227 million 
in 1996 with the preponderance of
devices coming, directly or indi- 
rectly, from just two suppliers, one in 
Japan and one in the USA. The 
market will likely continue to reflect 
the emphasis on blue and 
blue-green LEDs with significant 
contributions from white lamps and 
UV LEDs in the course of the next 
five years. The blue laser is getting 
closer to commercial launch and this 
could add significantly to the market 
but not until 1999. 
The report forecasts that we 
should not expect substantial 
markets for GaN-based electronic 
devices until into the new century. 
There is not a market pull of compa- 
rable weight as there is for blue LEDs 
and lasers. This is coupled to a tech- 
nological immaturity of high temper- 
ature electronics (HTE) and the fact 
that the main thrust of GaN R&D 
activity is being directed towards 
optoelectronics. 
However, some anticipate that it 
will be SiC which will be the first to 
establish amarket for HTE devices. In 
this area, the technology is somewhat 
further advanced than that of the III- 
nitrides with proportionately more 
R&D being directed to this end. For 
Figure 4. Room Temperature CW-operated InGaN MQW laser diode with an emission 
wavelength of 400 nm. (Courtesy of Nichia Chemical Industries.) 
example, while there are a number of 
North American companies focussed 
on GaN electronics, e.g. APA Optics, 
there would seem to be no Far East- 
ern equivalent to Nichia in HTE. 
Completing the jigsaw 
Recent times have seen further key 
pieces of the blue optoelectronics' 
jigsaw being put in place: 
• Hewlett Packard's first commer- 
cialization of InGaN LEDs; 
• Nichia RT CW blue laser opera- 
tion; 
• Fraunhofer licenses LUCOLED 
to Siemens; 
• Cree pulsed laser operation from 
GaN-on-SiC; 
• ATMI HVPE GaN-on-sapphire 
substrates. 
These have expanded the field of 
gallium nitride and related 
compounds till further and provide 
further proof of its longevity. 
The GaN market report sees a 
rapidly developing market for LEDs 
characteristic of a young market. 
The blue opto devices will also catal- 
yse other markets and in particular 
will have a 'coat-tail effect' in aiding 
growth of the other LEDs. 
This is, however, only part of the 
unfolding story because as we can 
see from the development of the 
LUCOLED and other related inno- 
vations, the blue LED will continue 
to forge new devices and thus new 
markets as well as growing existing 
ones. 
Most importantly, the recent 
announcements from North Amer- 
ica and Japan in the continuing 
development of laser diodes brings 
nearer the second renaissance of this 
very important sector of the opto- 
electronics industry. 
At this pace of development the 
RT CW semiconductor blue laser will 
be ready to enable systems companies 
to best exploit the capability of DVD 
and stretch CD-ROM data storage to 
previously unimaginable capacities. 
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